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Abstract 
A search in the database of known three-dimensional protein structures with the structure of a plant endochitinase revealed a subtle but 
unambiguous imilarity to lysozymes from animals and phages. An evolutionary connection between plant endochitinases and lysozymes is supported 
by similar overall topology of fold, overlapping substrate specificities and remarkable conservation of some sequence and architectural detail around 
the active site. Much of the knowledge about lysozyme can now be extended by analogy to endochitinase. New insights into the mechanism of 
endochitinase are expected to stimulate genetic engineering studies into plant defense mechanisms against pests and pathogens. 
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1. Introduction 
Lysozyme from chicken egg-white was the first en- 
zyme structurally determined by crystallography. The 
catalytic mechanism by which lysozyme breaks down 
bacterial cell walls is well known to every biochemist [11. 
Lysozyme from bacteriophage T4 is perhaps the most 
thoroughly studied protein by means of protein engineer- 
ing [2,3]. The crystal structures of hundreds of point 
mutants are already known. Much less is understood 
about the molecular mechanism of chitinases. This class 
of enzymes is thought to play an important role in plant 
defense reactions against fungi and insects which contain 
chitin in their cell walls and exoskeleton [4,5]. 
Both endochitinases and lysozymes catalyze the hy- 
drolysis of /?-I ,4 glycosidic bonds. The main substrate of 
lysozyme are polysaccharide chains made up of alternat- 
ing p-1 ,Clinked N-acetylglucosamine (GlcNAc) and 
N-acetylmuramate (MurNAc) residues, but some ly- 
sozymes are also active on chitin, a homopolymer of 
j?- 1,4-linked N-acetylglucosamine. Similarly, lysozyme 
activity has been demonstrated for some chitinases [&8]. 
The difference between the two sugars is that MurNAc 
is an ether of GlcNAc with lactic acid. 
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From the sequence point of view (Table l), chitinases 
are classified either into family number 18 or 19 of glyco- 
syl hydrolases [9]. Family 19 contains both vacuolar and 
secreted plant enzymes. Family 18 includes extracellular 
chitinases from higher plants as well as bacteria, yeast 
and fungi. Lysozymes fall into several distinct sequence 
families. Because of structural similarities between g-, c- 
and phage-type lysozymes (families no. 22-24 [9]) it has 
been proposed that these enzymes are related by diver- 
gent protein evolution [IO]. 
Here, we report a striking structural resemblance be- 
tween the endochitinase from barley seeds [ll] and ly- 
sozymes. The similarity places the endochitinases of fam- 
ily 19 in a common superfamily with animal and phage 
lysozymes, and reveals the active site of the endochiti- 
nase in a way not seen from the crystal structure alone. 
2. Methods and databases 
Pairwise structural alignments were generated automatically using 
the program Dali [12]. The method finds an optimal set of structurally 
equivalent residues by maximizing the similarities of intramolecular 
C-C” distances within the common core. The structure of barley endo- 
chitinase was compared against a database of 330 representative pro- 
tein structures with lower than 30% pairwise sequence identity [13]. 
Atomic co-ordinates were obtained from the Protein Data Bank (Octo- 
ber 1993) [14], except for goose lysozyme [lo]. Multiple sequence align- 
ments were generated using the program MaxHom [ 151 and the Swiss- 
Prot 27 (October 1993) protein sequence database [16]. For example, 
the family alignment of barley-type ndochitinases consisted of 27 se- 
quences (Table 1). 
All rights reserved. 
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3. Results and discussion 
114 and human lysozyme were identified as top scoring 
hits in the structure database search against barley endo- 
chitinase (Fig. 1). Not only is the general CI +p architec- 
ture of the endochitinase fold similar to that of lysozymes 
but four a-helices and a 3-stranded /?-sheet are topologi- 
tally identical and closely superimposable in 3D (Fig. 2). 
These elements make up the colon structural core of 
g-type, c-type and T4 lysozymes (Fig. 3). 
Unexpectedly, the structural similarity leads to the 
identification of the catalytic residue in endochitinase: 
the side chain of Glu6’ coincides exactly in 3D with the 
essential catalytic glutamic acid of lysozymes (G1u3’ in 
human lysozyme). Glu6’ is inva~ant among relatives of 
barley endochitinase (with one exception, a deduced 
amino acid sequence from stinging nettle [17]). Further 
invariant residues cluster around the proposed active site 
of endochitinase. For example, Thr? and Gin”’ make 
hydrogen bonds to the protein backbone. They appear 
to play a similar role in mainlining the geometry of the 
active site as do strongly conserved Ser and Gln residues, 
respectively, in g- and c-type lysozymes (Ser36 and GlnSs 
in human lysozyme). Apart from the catalytic glutamic 
acid, only one glycine residue is invariant in all ly- 
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Fig. 1. Histogram of structural similarity scores for the pairwise com- 
parisons of barley endo~hitin~e against a representative structure data- 
base. Sequential alignment of structurally equivalent segments was re- 
quired. Lysozymes from animal and phage score highest (GEWL, goose 
lysozyme; ILHM, human lysozyme; lL84, T4 lysozyme). The next-best 
scoring proteins, with different overall fold than in endochitinase, are 
colicin A (ICOL) and thermolysin (4TLN). 
sozymes (Fig. 3). This glycine (Gly” in human ly- 
sozyme), located in a /3-&u-n ear the active site, is struc- 
turally equivalent o the invariant Gly”’ in endochitinase 
and has a positive 9 angle in the known structures. 
Table 1 
Classification of lysozyme and chitinase sequences. Sequences annotated as lysozymes or chitinases in the Swissprot 27 database are grouped according 
to sequence similarity, conserved sequence patterns, and structure similarity (part A). 
(A) Lysos~~chitinase su~rf~ily defined by structural similarity 
No. of known 3D Sequence family Family number** No. of homolo- Representative*** 
structures gous sequences 
1 g-type (goose) lysozyme 23 4 lygansan 
6+1 c-type (chicken) lysozyme + 22 39# + 15 lye_chick, lea_papcy 
a-lactal-bumin 
1 phage (T4) lysozymes 24 8 lycv_bpph2 
1 plant endochitinases (class I + II) 19 27 chi2_horvu 
(B) Other lysozymelchitinase families 
No. of known 3D Sequence family Family number** No. of homolo- Representative*** 
structures* gous sequences 
1 lysozyme Ml 25 2 lysm_strgl 
- phage SF6 lysozyme _ 2 ly_bpsff, 
- 3. sub&s lysozyme _ 1 lyb_bacsu 
T3 lysozyme 1 naaa_bpt3 
phage T4 tail lysozyme 1 vg25_bpt4 
_ plant, yeast and bacterial endo- 18 120 chly_hevbr 
chitinases (class III) 10s chit_strpl 
1” chit_sacer 
15 ktxa_klula 
+ Excluding mutants 
** According to the classification of glycosyl hydrolases [9] 
*** Swissprot identifier. The homologous equences have significant sequence identity to the representative as defined by the significance threshold 
of Sander and Schneider [15] 
“Excluding isozymes. The total number of known lysozyme c sequences i  close to 60. 
‘The bacterial sequences have less than 25% sequence identity with the eukaryotic sequences. The family is identified by a conserved sequence pattern 
[231. 
Fig. 2. MolScript i-201 drawings of human lysozyme [left, Protein Data Bank entry ILHM) and barley endochitinase (right, entry IBAA), The 
structurally equivalent residues are (ILHMIIBAA): 4-7/N-13, 12-16/34-38, 19-22/43-46, 24-36Ci6-68, 37-40/83-86,42-51187-96, 52-&/l 12-125, 
75-7811X-129, 80”“86/139-t45,8&102/14616O, 103-106/165-268, 107-110/19&199, 113-117/2X&216, El-129/219-227. Atrisaccharideinhibitor 
of lysazyme (black) was transferred from the cocrystal with human lysozyrne (entry PLYZ) to an equivalent position in the structure of endochitinase. 
Ribbons highlight helices and strands in the common core of c-type (human), g-type [lo] and T4 lysozymes (lL84), and the structurally equivalent 
elements in endochitinase. HWWB &SCXC~W: c31u” is the catalytic residue. Asp” is also implicated in the catalytic mechanism of human lysozyme 
but is not consewed in the other types of lysozymes. Barlqv mwidifinnse: Gh6’ is the proposed catalytic residue. Asn12“ is invariant and codd 
hydrogen bond tc, substrate. The other invariant residues irz the barley-type ndachitinase family are buried or apolar. 
~~~s~ngly, endochitinase is structurally more fold, function and even some sequence and architectural 
closely related to g-type lysozyme than are either c-type detail strongly suggests that all four families descend 
or T4 lysozymes (Fig. 4). The combined conservation of from a common ancestor. Convergent evolution appars 
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Fig. 3. Structural alignments. The goose enzyme (GEWL) was used as a reference structure against which human lysozyme (lLHM), T4 lysozyms 
(lL84) and barley endochitinase (BAA) were aligned. The numbers refer to the strength of similarity in structural environments in the pairwise 
alignment with GlWL, on a se& from 0 (least similar) to 9 (most similar). Dots denote gaps and trailing ends. Asterisks below the barley 
endochitinase sequence mark invariant rtiidum in the barley-type ndochitinase fami& The secondary structure Ql] is shown as helix and&strmlds. 
Lowercase characters are disnlphides (a with a, b with b, and so forth}, 
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Fig. 4. Overall structural relations between lysozymes and endochiti- 
nase. The similarity score and the number of structurally equivalent 
residues (in parentheses) are given for each pair (smallest-largest value 
for cluster at top left). The planar projection was generated from the 
table of pairwise similarity scores by a multivariate analysis method 
[22]. C-type lysozymes and a-lactalbumin have essentially identical 
structures (>30% sequence identity) and cluster together at the top left 
(lLHM, lGHL, IHHL, lHEL, 21HL and IALC). Similarity scores 
within the c-type family are 1090-1464. Pairwise sequence identities 
between the families of c-type, g-type or T4 lysozyme and barley endo- 
chitinase are below 15%. 
improbable. The structural elements making up the ac- 
tive site are colinearly arranged in the amino acid se- 
quences. These elements come together in 3D in spite of 
massive insertions/deletions in the intervening sequences. 
As at least one alternative structural solution for build- 
ing the same functionality is known to exist (the ly- 
sozyme from Streptomyces erythraeus [18], family 25 in 
Table l), it is difficult to envisage why one particular fold 
should arise independently as many as four times. The 
wide taxonomic distribution and vanishing sequence 
similarity indicate an ancient origin of the lysozyme/ 
endochitinase superfamily, which could account for the 
genomic reorganization of c- and g-type genes in chicken 
1191. 
Endochitinases are of interest in the engineering of 
crops with improved resistance to fungi, and the present 
analysis may be useful in directing mutagenesis experi- 
ments. When more high-resolution 3D structures be- 
come available, it will be interesting to see whether addi- 
tional protein families bear any similarity to the present 
lysozyme/endochitinase uperfamily. 
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